Inflammatory Colonic Tumors

SUMMARY
Loss of FOXO3 transcription function, associated with human IBD and colon cancer progression, facilitates inflammatory colon cancer in mice. Transcriptome profiling of FOXO3 deficient colon and tumors revealed an immune landscape, molecular pathways, and novel transcripts similarly dysregulated in IBD and colon cancer.
BACKGROUND & AIMS:
Diminished forkhead box O3 (FOXO3) function drives inflammation and cancer growth; however, mechanisms fostering these pathobiologies are unclear. Here, we aimed to identify in colon loss of FOXO3-dependent cellular and molecular changes that facilitate inflammation-mediated tumor growth.
METHODS: FOXO3 knockout (KO) and wild-type (WT) mice were used in the AOM/DSS model of inflammation-mediated colon cancer. Bioinformatics were used for profiling of mRNA sequencing data from human and mouse colon and tumors; specific targets were validated in human colon cancer cells (shFOXO3).
RESULTS:
In mice, FOXO3 deficiency led to significantly elevated colonic tumor burden (incidence and size) compared with WT (P < .05). In FOXO3 KO colon, activated molecular pathways overlapped with those associated with mouse and human colonic inflammation and cancer, especially human colonic tumors with inflammatory microsatellite instability (false discovery rate < 0.05). FOXO3 KO colon, similar to tumors, had increased neutrophils, macrophages, B cells, T cells, and decreased natural killer cells (false discovery rate < 0.05). Moreover, in KO colon differentially expressed transcripts were linked to activation of inflammatory nuclear factor kappa B, tumorigenic cMyc, and bacterial Toll-like receptor signaling. Among differentially expressed transcripts, we validated altered expression of integrin subunit alpha 2 (ITGA2), ADAM metallopeptidase with thrombospondin type 1 motif 12, and ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 5 in mouse WT and FOXO3 KO colon and tumors (P < .05). Similarly, their altered expression was found in human inflammatory bowel disease and colon cancer tissues and linked to poor patient survival. Ultimately, in human colon cancer cells, FOXO3 knockdown (shFOXO3) led to significantly increased ITGA2, and silencing ITGA2 (siRNA) alone diminished cell growth. C olon cancer, the second leading cause of cancerrelated death in the United States, is driven by alterations in the tissue microenvironment caused by obesity, imbalances in the microbiome, and inflammation. [1] [2] [3] Local, chronic inflammation of the colon, as observed in inflammatory bowel disease (IBD), is associated with increased risk of cancer development and progression. 4, 5 The inflammatory microenvironment initiates and fosters cancer progression as evident by its ability to stimulate transformed cell proliferation, survival, angiogenesis, metastasis, and resistance to chemotherapy. 1 Dynamic communication among cancer cells and the inflammatory microenvironment favors immune cell infiltration and the release of cytokines and growth mediators, both facilitators of cancer progression. 3 Furthermore, inflammation generated reactive nitrogen and oxidative species have been shown to mediate genetic instability in cancer cells. 1 In the colon, inflammation-mediated genetic microsatellite instability (MSI) favors an increased mutation rate leading to cancer progression. 1, 6 However, the nature of the immune cell types, inflammatory mediators, and transcriptional programs that drive inflammation-mediated colon cancer are neither fully examined nor understood.
Transcription factor FOXO3, a member of the forkhead box O (FOXO) family, plays critical roles in diverse cellular functions including proliferation, apoptosis, and metabolism. 7, 8 In immune cells, FOXO3 activity is critical for maintenance of immune progenitor cell homeostasis, 9, 10 and its deficiency in B and T cells leads to their enhanced activity during infection. 11 In patients with inflammatory diseases such as rheumatoid arthritis and IBD, genome-wide association studies have shown that individuals with a single nucleotide polymorphism (SNP) in the FOXO3 gene locus leading to lowered FOXO3 expression have a more aggressive disease course. 12 Moreover, in human colon cancer tissues loss of FOXO3 transcription activity is associated with tumor growth. 13 Previously, we demonstrated that mice deficient in FOXO3 have increased susceptibility to colonic inflammation and elevated rates of cell proliferation.
14,15 Thus, we hypothesized that FOXO3's immunosuppressive and tumor-suppressive functions might intersect to drive inflammation-mediated colon cancer. Here, we aimed to determine loss of FOXO3-dependent changes in the immune landscape, molecular pathways, and downstream transcripts involved in disease pathobiology.
We demonstrated that in a mouse model of inflammation-mediated colon cancer FOXO3 deficiency led to increased tumor burden, an altered immune cell landscape, activated molecular pathways, and transcriptional programs associated with inflammation and tumor growth. Our analysis identified FOXO3-dependent transcripts that could potentially serve as biomarkers and prospective new targets for treatment.
Materials and Methods
Animals
Wild-type (WT) and FOXO3 knockout (FOXO3 KO) mice on a C57BL/6 genetic background 11 were housed at the Tulane University School of Medicine, a pathogen-free facility in static, microisolator caging. Homozygous littermates were offspring of heterozygous breeders and genotyped as described by Lin et al. 11 All experiments were completed according to guidelines and procedures determined by the Tulane Institutional Animal Care and Use Committee.
Azoxymethane and Dextran Sulfate Sodium Treatment
Mice, 6-8 weeks old, were injected intraperitoneally with a single dose (10 mg/kg) of azoxymethane (AOM) (Sigma-Aldrich, St Louis, MO; A5486) and subsequently administered 3 cycles of 2.5% dextran sulfate sodium (DSS) (MP Biomedicals, Santa Ana, CA; 160110) in drinking water for 5 days with 3-week intervals between each treatment regimen. 16 After 8 weeks of recovery, mice were killed, and colonic tissues were collected for analysis. Tumor counts and measurements were conducted in a blinded fashion.
Cell Culture and Generation of Short Hairpin RNA Stable Cell Lines
Human colon cancer HCT116 cells (ATCC) were grown in complete McCoy's 5A medium (Corning, Corning, NY; 10050CV) supplemented with 10% fetal bovine serum (Gibco Laboratories, Gaithersburg, MD; A3160602). For generating stable short hairpin RNA (shRNA) knockdown cell lines, FOXO3-specific shRNA (shFOXO3) and control shRNA were cloned into the TET-ON all in one LT3GEPIR vector 17 by using the following nucleotide shRNA guide sequences: 0 -TAGATAAGCATTATAATTCCTA-3 0 (shCon). Sequence verified plasmids were transfected into HCT116 cells by using lipofectamine 3000 according to manufacturer's instructions (Invitrogen, Carlsbad, CA; L3000001). Stable cell lines were generated from single cells by using puromycin selection (250 ng/mL; Sigma-Aldrich; P8833), and doxycycline-inducible (2 mg/mL; Sigma-Aldrich; D9891) knockdown of FOXO3 was validated by quantitative polymerase chain reaction (qPCR) and immunoblot.
Small Interfering RNA
Human colon cancer HCT116 cells were transfected with integrin subunit alpha 2 (ITGA2) specific pooled small interfering RNA (Sigma-Aldrich; EHU040531) or equal amounts of negative-control scramble oligonucleotides using lipofectamine 3000 according to manufacturer's instructions (Invitrogen; L3000001). Efficiency of the knockdown was validated by qPCR and immunoblot.
Protein Extraction and Immunoblotting
Experimental cells were used for protein extraction, and immunoblot was performed as described previously. 14 
Cell Proliferation Assays
Human colon cancer HCT116 cells were plated on 96-well plates at a density of 5000 cells per well. After 72 hours, a portion of cell medium was removed, and MTS solution (Promega, Madison, WI; M3001) was added for 1 hour and incubated at 37 C. MTS-converted formazan product was detected in cell medium solution at 490 nm by using a Microplate Reader FLUOstar Optima (BMG Labtech, Ortenberg, Germany). Cell proliferation was calculated as a percentage of the absorbance relative to untreated control cells.
RNA Isolation and cDNA Synthesis
Human colon cancer cells and mouse tissues (colon and tumors) were used for isolation of total RNA by using the miRNeasy kit (Qiagen, Hilden, Germany; 217004) according to manufacturer's instructions. RNA quality was determined by an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA), and samples with RNA integrity numbers (RIN) >7 were used. For qPCR, RNA treated with DNase was reverse transcribed to cDNA with oligo-dT12-18 primers of the SuperScript First-Strand Synthesis System (Invitrogen; 11904018) according to the manufacturer's protocol.
Quantitative Polymerase Chain Reaction
The cDNA generated from mouse tissues and human colon cancer cells was used for qPCR as previously described. 19, 20 The following primers (Thermo Fisher Scientific) were used for amplification of human and mouse cDNA:
. To determine the relative levels of mRNA the comparative Ct method was used with Hprt-1 as a housekeeping control. The C1000 Thermal Cycler system (Bio-Rad, Hercules, CA) and iQ SYBR Green DNA double-strand binding dye (iQ SYBR Green Supermix; Bio-Rad; 1708885) were used to quantify cDNA. As expected, PCR amplification was unaffected in mouse colonic tumors because of ample time between the last DSS treatment and RNA extraction. 21 
RNA Sequencing and Differential Expression Testing
RNA sequencing (RNAseq) and differential expression testing were accomplished as described previously. 19, 20 Specifically, RNAseq and library preparation was completed by University of Wisconsin Biotechnology Facility (http://www.biotech.wisc.edu/services/dnaseq). The mRNA was enriched via poly-A selection (1 mg input per sample), and the Illumina Truseq Stranded mRNA preparation kit was used for library preparation (Illumina Inc, San Diego, CA). After cDNA synthesis, indexing adapters were ligated to ends of cDNA, and PCR enrichment of DNA fragments with adapters was performed. Library quality, profile, and size were validated by using an Agilent DNA 1000 Chip (Agilent Technologies). One hundred base-pair strandspecific RNAseq was performed on validated samples by using Illuming HiSeq 2500 technology (Illumina Inc). Bioinformatics analyses of raw RNAseq data were performed in the Tulane Cancer Center Next Generation Sequence Analysis core (www.tulane.edu/som/cancer/research/corefacilities/cancer-crusaders). RNAseq reads were mapped to the mouse reference haploid genome sequence (Genome Reference Consortium murine genome build 38, GRCm38). Quantification of transcript expression was accomplished by using the software package RSEM (v1.2.25). Subsequent identification of differentially expressed (DE) transcripts at the whole gene level between biological conditions was performed by using EBseq and attained with a false discovery rate (FDR) of 0.05. Sequencing data along with the study design have been submitted in NCBI's Sequence Read Archive and are available under study accession number SRP158292.
Transcriptome and Pathway Analysis
Networks, functional analysis, and interpretation of RNAseq data were performed by using Ingenuity Pathway Analysis (IPA) (Qiagen Inc). Transcripts entered into IPA met an expression threshold of >j1.5j-fold change with respect to control and an FDR <0.05. Transcriptional signatures from our samples were compared against available gene expression data from mouse colon with inflammation or dysplasia as well as human IBD and colon cancer samples using NCBI's GEO2R after adjustment with Benjamini and Hochberg testing (P < .05). 22 In addition, our transcriptional signatures were compared against transcriptomes from human colon cancer tissue (The Cancer Genome Atlas [TCGA]) by using Firebrowse. 23 
cBioPortal for Cancer Genomics
Investigation of transcript dysregulation in human colon cancer samples was analyzed by using the cBioPortal for Human Cancer Genomics 24, 25 (www.cbioportal.org). Selected genes in human colorectal adenocarcinoma patient samples (TCGA COAD) were analyzed by using a z-score threshold of ±2 for RNAseq analyses for all tumors as quantified by RSEM (RNAseq by Expectation Maximization) 26 ; Case Set: All Tumors (631 patients/636 samples)).
Cell-type Identification by Estimating Relative Subsets of RNA Transcripts
To identify the immune cell landscape in a mixed colonic tissue sample, the computational cell-type identification by estimating relative subsets of RNA transcripts (CIBERSORT) method was applied to RNAseq data. 27 Mixture files were created by using transcripts per million (TPM) from RNAseq samples according to the CIBERSORT formatting requirements (http://cibersort.stanford.edu). For mouse immune and colonic cells, a custom gene signature, reference, and phenotype file were created in accordance with CIBERSORT format specifications using the following RNA- 
Tumor Immune Estimation Resource
Tumor immune estimation resource (TIMER) was used to assess mRNA expression in human cancer relative to normal matched tissue (RNAseq RSEM, TCGA) 28 (https:// cistrome.shinyapps.io/timer/).
Gene Set Enrichment Analysis
Gene set enrichment analysis (GSEA) software and the Molecular Signature Database were used to determine activation of transcription factor targets from RNAseq data. 29 
Histologic Analysis
Mouse tissue processing and immunohistostaining were performed by the Pathology Core Laboratory at Tulane University Health Sciences Center (http://medicine.tulane. edu/departments/pathologylaboratorymedicine/research/ histology-laboratory) as described previously. 19, 20 Heatinduced epitope retrieval was performed on tissue sections by using Rodent Decloaker solution (BioCare Medical, Concord, CA; RD913) and cooked in an oster steamer for 40 minutes. Sections were blocked by using Rodent Block M (BioCare Medical; RBM961), followed by incubation with the following antibodies: ADAMTS12 (Abcam; cat 203012, lot GR2390174), ITGA2 (Abcam; cat 133557, lot GR19622312), ST8SIA5 (Abcam; cat 184777, lot GR2231323), and Ki67 (1:100, 45 minutes; BioCare Medical; CRM325). After washing, tissue sections were incubated with Rabbit-on-Rodent HRP-Polymer secondary (BioCare Medical; RMR622); sections were then washed and treated with Betazoid DAB chromogen (Biocare Medical; BDB2004), followed by counterstaining with Cat hematoxylin (Biocare Medical; CATHEM). Slides were dried in the oven, placed in xylene, and coverslipped (Acrymount; StatLab, McKinney, TX; SL804). Images were obtained by using the slide scanner Aperio CS2 (Leica, Wetzlar, Germany) and Image Scope software.
Statistical Analysis
All data are means ± standard deviation for a series of experiments. Statistical analysis was performed by Student unpaired t test or one-way analysis of variance and StudentNewman-Keuls post-test by using Graph Pad Instat 3 software (Graphpad Software, San Diego, CA). A P value <.05 was considered significant.
Results
In Mouse Colon, Forkhead Box O3 Deficiency Leads to Increased Tumor Burden and Activates Pathways Associated With Inflammation and Cancer
Because reduced FOXO3 transcription function has been linked to severity of human IBD and colon cancer pathobiology, 12, 13 we assessed how loss of its activity might contribute to inflammation-mediated colon tumor progression. Initially, analysis of transcriptomes from patients with IBD (microarray) and colon cancer tissues (microarray and RNAseq) revealed decreased FOXO3 expression across both pathologies ( Figure 1A and B). Compared with matched normal tissue, FOXO3 transcript levels were also decreased in approximately 60% of other cancers (TCGA) ( Figure 1B ). In addition, reduced FOXO3 in human colon cancer was linked to poor patient survival as assessed by KM estimate (Figure 1C) , which was further supported by pan-cancer meta-z analysis demonstrating increased FOXO3 expression as a favorable prognostic indicator in cancer survival (Stanford, prediction of clinical outcomes from genomic profiles [PRECOG]) ( Figure 1D ). Last, we determined in human colon cancer tissues (TCGA) whether low FOXO3 expression was associated with increased PI3K activity, which is known to negatively regulate FOXO3 30 and favor cancer progression. 31 In patients with the lowest FOXO3 transcript levels, 3 of 10 had PI3K activating mutations (UCSC, XENA) ( Figure 1E ), suggesting that in human colon cancer loss of FOXO3- mediated progression could be either PI3K-dependent or -independent. Together, these findings demonstrate that in human IBD and colon cancer, FOXO3 expression is reduced, in part, independently of upstream PI3K and associated with reduced patient survival.
By using KO mice, we assessed the loss of FOXO3-dependent transcriptional consequences that could facilitate inflammation-mediated cancer progression. In the AOM/DSS model, approximately one-third of FOXO3 KO mice displayed rectal prolapse; nevertheless, survival rates between WT and KO mice did not differ during the time of the experiment. Macroscopic examination of colon revealed that FOXO3 KO mice had a greater tumor incidence (2-fold) and size (>3 mm), leading to a significantly increased tumor burden (3-fold) compared with WT (Figure 2A and B) . Microscopic assessment of tumors (H&E stained) for penetration of surrounding lamina propria or spreading to lymph nodes did not show differences between WT and FOXO3 KO, suggesting that in this model and for the duration of the experiment, cancer invasion and metastasis appear to be independent of FOXO3 deficiency. Next, RNAseq analysis showed in FOXO3 KO colon a significant number of DE transcripts were also shared with tumors (WT and FOXO3 KO) ( Figure 2C ). IPA of these DE transcripts indicated altered biological functions pertaining to tumor growth including increased cell migration, proliferation, angiogenesis, inflammation, cancer, and decreased apoptosis ( Figure 2D) . Moreover, the FOXO3 KO transcriptional signature displayed strong similarities with inflammatory and dysplastic transcriptomes of mouse colon (GSE31106) (Figure 2E ), suggesting its functional deficiency might support both processes. Also, we found in FOXO3 KO colon that dysregulated pathways substantially overlapped with those altered in human IBD and colon cancer (GSE4183) (Figure 3 ). Particularly in KO colon and AOM/DSS tumors, IPA revealed gene expression was similar to transcriptomes from human colon cancers with MSI, characterized by an inflammatory tumor microenvironment (TCGA) ( Figure 3B ). These findings demonstrate that in mouse colonic tissue, FOXO3 deficiency increases tumor burden and promotes transcriptional changes similar to those occurring in human IBD and colon cancer, especially tumors with inflammatory MSI features.
In Mouse Colon, Forkhead Box O3 Deficiency Leads to an Altered Immune Cell Landscape Similar to Inflammatory Tumors
On the basis of the above findings and because loss of FOXO3 function is critical in mediating inflammatory and proliferative responses in both colonic and immune cells, 9,14,15 we applied CIBERSORT 27 to assess the relative abundance of immune cell types in experimental tissues. This program uses transcriptional signatures of distinct immune cell types to assess their presence in a mixed cell tissue by using RNAseq data. 27 Compared with WT mice, FOXO3 KO colon showed significantly increased levels of macrophages (2-fold), neutrophils (3-fold), and reduced NK cells ( Figure 4A ). Also, although both B cells and T cells (CD4 and CD8) were elevated in FOXO3 KO colon, only increases in B cells (3-fold) reached statistical significance ( Figure 4B ). This immune profile, similarly described in human inflammatory colon cancer, 3, 32 was also seen in mouse AOM/DSS tumors (data not shown). Moreover, these findings were further supported by analysis of upstream pathways (IPA), which identified increased expression and activation of receptors and cytokines specific for the presence of macrophages (interleukin 1A, interleukin 1B) Figure 4C ). These data show that in colon and AOM/DSS tumors FOXO3 deficiency leads to an altered immune cell landscape and inflammatory microenvironment that could potentially support cancer progression.
In Mouse Colon, Forkhead Box O3 Deficiency Activates Transcriptional Programs Associated With Inflammation, Tumorigenesis, and Bacterial Signaling
Next, we determined loss of FOXO3-dependent transcripts that may influence inflammation and cancer. Initially, GSEA recognized a prevalent number of FOXO3 DE transcripts as being regulated by inflammatory nuclear factor kappa B (NFkB) and tumorigenic cMyc transcription factors ( Figure 5A ). Moreover, among FOXO3 KO DE transcripts that were shared with AOM/DSS tumors ( Figure 2C ), we selected 50 novel transcripts ( Table 1 ) that could play a potential role in colon cancer. IPA also demonstrated numerous elevated DE transcripts with biological roles in inflammation and cancer progression ( Figure 5B ) including S100A8, Wnt ligands, and several matrix metalloproteinases (MMPs). [33] [34] [35] Furthermore, the transcriptome of FOXO3 KO colon displayed activated signals specific for bacterial factor(s) recognition including Toll-like receptors TLR4, TLR7, TLR8, and their downstream transducer MYD88 ( Figures 4C  and 5B ). In particular, significant up-regulation of TLR4 expression (2.5-fold) was validated by qPCR in FOXO3 KO colon ( Figure 5C ). Several of these TLRs, expressed in colonic cells and antigen presenting cells, are associated with increased susceptibility to developing intestinal inflammation and cancer. 36, 37 These findings identify loss of FOXO3-dependent transcripts that have established and potential roles in inflammation and tumor growth. we used molecular approaches to validate expression of select DE transcripts in FOXO3 KO colon and tumors (WT and KO). Among transcripts positively or negatively dependent on FOXO3, we selected those genes (significantly DE) with diverse functions and select abundances in colonic and non-colonic cells. Specifically, we validated ITGA2, a membrane and intracellular integrin family member highly expressed in the colon, 38 ADAMTS12, an extracellular and intracellular metallopeptidase family with expression in colonic and non-colonic cells, 39 and ST8SIA5, a sialyltransferase involved in ganglioside synthesis, with low basal expression in the colon and possible localization to the Golgi. 40 Quantitative PCR and immunohistostaining showed significantly increased expression of ITGA2 and ADAMTS12 as well as decreased ST8SIA5 in FOXO3 KO colon and tumors relative to WT (Figure 6 ) confirming RNAseq data.
In mouse WT colon, ITGA2 protein was present in colonic cells, mostly localized in the membrane of proliferative cells of the crypt, whereas in KO colon and tumors, its overall levels were considerably augmented. Also, in mouse WT colon, ADAMTS12 protein was localized in colonic cells (intracellular and membrane) along the crypt, whereas in FOXO3 KO colon and tumors, it was elevated in colonic but more noticeably in non-colonic cells. ST8SIA5 was present at lower levels in colonic cells, more so in upper parts of crypt cells potentially within vacuoles as evident by punctate staining. In FOXO3 KO colon and tumors, the amount of ST8SIA5 was diminished ( Figure 6 ). Furthermore, as a positive control, tissues were stained for Ki67, which demonstrated an increased number of proliferative cells in FOXO3 KO colon relative to WT (Figure 6B ), confirming our previous finding of increased proliferation in response to loss of FOXO3. 15 These data demonstrate that in colon loss of FOXO3 leads to altered expression of ITGA2, ADAMTS12, and ST8SIA5 transcripts with potential roles in inflammation-mediated colon cancer progression. We examined in human IBD and colon cancer patient cohorts whether altered ITGA2, ADAMTS12, and ST8SIA5 levels might play a role in their pathobiology. Similar to mouse inflammatory tumors, in IBD tissue (GSE4183) levels of both ITGA2 and ADAMTS12 transcripts were substantially increased, whereas ST8SIA5 was reduced ( Figure 7A ). In human colon cancer (TCGA), ITGA2, ADAMTS12, and ST8SIA5 expression co-occurred with established colon cancer biomarkers (data not shown), and their combined alterations including gene amplification, mutations, and mRNA/protein dysregulation were seen in 14% of colon cancer patients ( Figure 7B ). Moreover, analysis of human colon cancer transcriptomes (TCGA) indicated ITGA2 and ADAMTS12 levels were substantially increased, whereas expression of ST8SIA5 was considerably decreased compared with normal colon ( Figure 7C ; RSEM, P < .001). This trend of ITGA2, ADAMTS12, and ST8SIA5 expression was also found in other cancers such as esophagus, stomach, liver, lung, kidney, breast, and prostate (data not shown). Moreover, expression levels of these transcripts in human colon as shown by RNAseq (RSEM, Figure 7C ) appear to be similar to levels observed in mouse tissues ( Figure 6B ), eg, high ITGA2, moderate ADAMTS12, and low ST8SIA5 expression. Ultimately, in human colon cancer, increased ITGA2 and ADAMTS12 as well as decreased ST8SIA5 were associated with poor patient survival ( Figure 7D ). These data indicate that these novel transcripts dependent on loss of FOXO3 have altered expression in human IBD and colon cancer possibly implicating their role in progression of both pathobiologies.
Human Inflammatory Bowel Disease and Colon
In Human Colon Cancer Cells Forkhead Box O3 Silencing Mediates Increased Integrin Subunit Alpha 2 Levels Leading to Increased Proliferation
Next, we assessed whether expression of these novel transcripts occurred in colon cancer cells, was FOXO3-dependent, and had any possible role in cancer progression. Emerging studies showed that although ITGA2 and ADAMTS12 are found in fibroblasts, 41, 42 their expression and potential roles in colonic cells are not examined. Thus, we generated human colon cancer HCT116 cells with FOXO3-specific knockdown using shRNA (shFOXO3) under inducible doxycycline (dox)-inducible promoter. Among several stable transfected clones, we selected those that after dox-treatment showed reduction in endogenous FOXO3 (mRNA and protein) levels (50% ± 4%) ( Figure 8A and C). In HCT116 cells, with or without shFOXO3, levels of ADAMTS12 and ST8SIA5 were insignificant, as assessed by qPCR and immunoblot (data not shown), most likely because of low baseline expression (ST8SIA5) or high methylation status (ADAMTS12) 41 of these genes in colon cancer cells. However, ITGA2, expressed in colon cancer HCT116 cells, was increased more than 2.5-fold in response to 50% FOXO3 knockdown ( Figure 8B and C) . Moreover, in human colon cancer HCT116 cells silencing of ITGA2 (siRNA) led to significant reduction in cell proliferation (47% ± 2%), indicating a potential role for this gene in colon cancer cell growth ( Figure 8D ). Although further study is required to determine whether increased ITGA2 expression is directly or indirectly dependent on loss of FOXO3, these findings demonstrate colon cancer cell specific ITGA2 regulation that could facilitate elevated cancer cell growth.
Discussion
Colon cancer increased risk, progression, and resistance to chemotherapy is linked to an inflammatory microenvironment 1, 3, 6 ; however, the mechanisms involved in inflammation promoted tumor growth are not fully understood. Here, in a mouse model of inflammation-mediated colon cancer, we identified alterations driven by loss of FOXO3 within the immune cell landscape, molecular pathways, and transcripts leading to tumor growth. In mouse colon and tumors, we validated differential expression of novel transcripts including ITGA2, ADAMTS12, and ST8SIA5 in response to FOXO3 deficiency. Their expression was similarly altered in human IBD and cancer tissues and associated with poor survival in colon cancer patients. Also, in human colon cancer cells, increased ITGA2 expression, mediated by loss of FOXO3 function, was important for cell growth. These findings provide an opportunity to pursue new mechanisms, biomarkers, and prospective targets for treatment of inflammation-mediated colon cancer.
In mouse colon, deficiency in FOXO3 led to increased tumor incidence and size in the AOM/DSS model. Similar to human inflammatory colon cancer samples, 32 mouse colon deficient in FOXO3 exhibited a strong presence of neutrophils, macrophages, B and T cells, and decreased NK cells. Also, FOXO3-deficient colon and tumors had notably elevated B cells relative to WT. We speculate this effect could be a direct consequence of FOXO3 deficiency in B cells leading to their proliferation and enhanced activity 10 or occurring as a result of a B-cell response to commensal bacteria because FOXO3 deficiency also activated bacterial TLR signaling. Whether this immune profile is active or inactive and possesses pro-or anti-tumor functions remains unclear; however, emerging findings in human and mouse models have revealed that individually macrophages, neutrophils, T cells, and NK cells play important roles in colon cancer progression. 3, 32 For example, Jobin et al 43 demonstrated that individuals with lower NK cell activity in blood have substantially higher risk of developing colon cancer. Also, in mouse colon, macrophages polarized by commensal bacteria have been shown to stimulate inflammation and cancer progression. 44 It has also been demonstrated that depletion of neutrophils with Ly6G antibodies ameliorates tumor number and size, 45 and together, molecular crosstalk between macrophages and neutrophils could promote infiltration of T cells. 46 In addition to approved immunotherapy for MSI colon cancer that stimulates T-cell antitumor function, 47 we speculate that determining the tumor functional roles of the FOXO3-dependent immune profile could lead to its targeting for more effective immunotherapeutic treatment regimens.
Functional deficiency of FOXO3 in mouse colon led to pathway activation associated with inflammatory NFkB and tumorigenic cMyc transcriptional programs as well as bacterial TLR signaling. Although activity of these transcription factors is linked to FOXO3 function, 11, 14, 48 the contribution of NFkB and cMyc in individual cell types in inflammationmediated colon cancer needs to be further examined. We found increased levels of transcripts associated with inflammation and cancer, which might be directly regulated by FOXO3 or indirectly by NFkB and cMyc. Moreover, in FOXO3 KO colon, increased TLRs (level and activity) could lead to enhanced sensitivity to luminal commensal bacteria. Because bacterial products stimulate inflammation in part through loss of FOXO3 function, 12, 18 our findings suggest a possible feedback between FOXO3 function and TLR signaling that may also drive inflammatory tumor growth. Together, loss of colonic FOXO3 might simultaneously orchestrate downstream signaling that could promote increased sensitivity to commensal bacteria and inflammation leading to cancer initiation and progression.
We identified in mouse colon a substantial number of novel transcripts that might be directly or indirectly altered because of FOXO3 functional deficiency or consequently because of activated inflammatory-tumorigenic programs including ITGA2, ADAMTS12, and ST8SIA5. In human colon cancer tissues, increased ADAMTS12 expression is found predominantly in fibroblasts, 41 and although in various human colon cancer cell lines there is lack of ADAMS12 expression because of methylation, its expression is recovered after co-culture with fibroblasts. 41 Our findings demonstrate that ADAMTS12 levels, while negligibly present in human colon cancer cells, were significantly increased (transcripts and protein) in mouse colonic cells of FOXO3 KO colon and tumors, as well as in infiltrated noncolonic cells. Furthermore, in mouse colon, ST8SIA5 protein appears to localize in select colonic cells. Although in human colon cancer cells ST8SIA5 expression level was negligible, its further decrease in human colon cancer appeared to be critical for poor patient survival. Moreover, emerging findings have revealed in IBD patients that genome-wide variants in ST8SIA5 are associated with response to select therapy 49 ; in addition, an ST8SIA5 family member (ST8SIA1) has been recently used in immunotherapeutic vaccine delivery to stimulate NK cell activity against tumor growth. 50 Thus, although ST8SIA5 levels might be low in colon, recovery of its levels/function might have potential therapeutic benefits in IBD and colon cancer. Moreover, ITGA2 abundance was found not only in mouse colonic cells and tumors but also in human colon cancer cells and was critical for cell growth. Increased ITGA2 has recently been implicated in fibroblast-driven inflammatory rheumatoid arthritis, 42 resistance of gastric cancer cells to apoptosis, 51 and human colon cancer metastasis. 52 We speculate that in colon elevated ITGA2 exerts multiple functions in colonic and non-colonic cells to facilitate inflammation-mediated cancer pathobiology. Moreover, because we found that partial reduction in FOXO3 levels in human colon cancer cells led to significantly increased ITGA2 expression, we speculate that in human colon SNPs in the FOXO3 gene might have significant implications in driving gene expression involved in inflammatory and cancer progression. In addition, whether these novel transcripts are directly or indirectly regulated by FOXO3 is unclear; they could act as novel functional regulators in inflammation-mediated colon cancer progression.
In conclusion, FOXO3 deficiency in a mouse model of inflammation-mediated colon cancer increases colonic tumor burden. Moreover, loss of FOXO3 also leads to elevated intracellular lipids, 53 an emerging aspect of metabolic reprogramming associated with inflammation and colon cancer, 54 suggesting FOXO3's metabolic function may also be involved in these disease processes. These findings underline novel FOXO3-dependent regulators that could serve as biomarkers and prospective new targets for treatment of colon cancer. Overall, understanding the immune landscape and molecular pathways of inflammationmediated colon cancer highlights a future direction for precision diagnostics and personalized treatments.
